Recent ecological and case-control studies have indicated elevated lung cancer mortality (LCM) associated with bituminous "smoky" coal (BC) use in China, but no similar study has been conducted using U.S. populations. Early-to-mid 20 th century U.S. county-level consumption of BC for home heating was examined in relation to age-specific LCM, focusing on mortality in white women aged 40+ vs. 60+ years (among whom ~11% vs. ~5% ever smoked, respectively) during 1950 to 1954. To limit potential confounding due to variations in housing characteristics associated with counties where most vs. few homes used coal for heating, this study focused on domestic BC consumption only in 640 counties in which ≥75% of homes used coal for heating in 1940. County-level data on domestic net tons of BC consumed per capita for the year 1918 were used to estimate lifetime residential exposure to BC smoke, and analyses focused on a 539-county subset for which estimated BC use remained fairly constant between 1918 and 1940. Significantly positive ecological associations were found between BC use and LCM risk in U.S. white women dying in 1950 to 1954 at age 40+ or 60+ y, after adjusting for age and combinations of 20 socio-demographic/geoclimatic variates. The apparent associations suggest that lifetime exposure to residential BC-combustion smoke may have increased LCM risk by about 25% to 50% among relatively highly exposed U.S. women. While these results must viewed in the context of the inherent limitations of any ecological study design, their consistency with results from studies on Chinese women suggests that some risk reduction might be achieved by increased (or universal) application of inexpensive measures to reduce or eliminate any indoor coal smoke in U.S. homes.
INTRODUCTION
Lung cancer mortality (LCM) in U.S. females increased dramatically during the 20 th century. 1 While increased cigarette smoking is known to have been the primary cause of the initial increasing trend in the U.S. ), outdoor air pollution and movement into industrial occupations have also been associated with increased LCM risk (Chen et al. 1992; Doll and Peto 1981) . Residential coal combustion is also hypothesized to be a LCM risk factor, particularly in China, where cooking and heating with coal and wood is still a common practice (Table 1) (Band et al. 1990; Chapman et al. 1988; Chen et al. 1990; Gao et al. 1987; He et al. 1991 , Liu et al. 1993 Liu et al. 1991; Morabia et al. 1992; Mumford et al. 1987 Mumford et al. ,1989 Qing et al. 1993; Une et al. 1995; Wu-Williams et al. 1993; Xu et al. 1986 Xu et al. , 1989 . Ecological studies have shown exceptionally high LCM rates for females in Northern China, despite a very low (~0.2%) female smoking prevalence there (Band et al. 1990; Chapman et al. 1988; Chen et al. 1992; He et al. 1991; Liu et al. 1991; Mumford et al. 1987 Mumford et al. ,1989 Qing et al. 1993; Xu et al. 1986 ). Casecontrol studies have also shown a strong association between residential coal use and female LCM in Northern China (Chen et al. 1990; Gao et al. 1987; Liu et al. 1991 Liu et al. ,1993 Xu et al. 1989) . Other putative risk factors, such as passive smoking and occupation, do not account for the exceptionally high LCM among these women (Band et al. 1990; Chapman et al. 1988; Mumford et al. 1987 Mumford et al. , 1989 .
Historically, occupational studies of coal mining and LCM have been inconclusive, showing both elevated and reduced disease rates associated with mining (Ames et al. 1983; Armstrong et al. 1979; Bertrand et al. 1987; Chovil 1979; Cockcroft and Andersson 1987; Costello et al. 1974; Dalal et al. 1991; Falk and Jurgelski Jr. 1979; Gustavsson et al. 1988; IARC, 1997; Levin et al. 1988; Lyon et al. 1981; Meijers et al. 1988 Meijers et al. ,1991 Miller and Jacobsen 1985; Minowa et al. 1988; Morabia et al. 1992; Une et al. 1995; Wu-Williams et al. 1993) . However, lack of data on individual smoking behavior may have obscured results in some of these studies (Lyon et al. 1981; Meijers et al. 1988; Minowa et al. 1988) . Importantly, coal-mine dust is likely to have less carcinogenic potency than coal particles of incomplete combustion (PIC), based on the greater concentrations of mutagenic compounds in the latter (IARC 1997) .
Of three Northern Chinese residential fuel types, only "smoky" (bituminous) coal (BC) has been linked to increased lung cancer mortality; neither anthracite ("smokeless") coal nor wood fuel were associated with any significant effect (Band et al. 1990; Chapman et al. 1988; de Koning and Smith 1984; Mumford et al. 1987 Mumford et al. , 1989 Mumford et al. , 1990 . Smoky coal is comparable to U.S. medium-volatile bituminous coal of low sulfur content, whereas smokeless coal is more similar to hard coal such as lignite or anthracite (Mumford et al. 1987 (Mumford et al. , 1989 . Despite heavy soot residue left by smoky coal, its use in China has persisted due to its ability to rapidly generate large amounts of heat. BC-derived PIC are associated with elevated lung cancer mortality in laboratory animals (Liang et al. 1988; Pott and Stöber 1983) . When burned, BC emits higher levels of sub-micron organic PIC than wood or smokeless coal, and BCderived PIC are mutagenic in Ames Salmonella assays (Mumford et al. 1987 (Mumford et al. , 1990 . Lung and skin cancer have been induced in mice exposed to coal smoke by inhalation and to filtered organic coal extracts by dermal application, respectively (Mumford et al. 1990) . Polycyclic aromatic hydrocarbon (PAH) components of PIC (e.g., benzo(a)pyrene, dibenzo(a,l)pyrene, 7,12-dimethylbenz(a)anthracene) are effective experimental and suspected human carcinogens (Cupitt et al. 1994; de Koning and Smith 1984; Higginbotham et al. 1993; Mumford et al. 1989) . Elevated PAH-DNA adducts and urinary PAH levels have been associated with residential BC combustion Mumford et al. 1993 Mumford et al. , 1995 .
Cooking and heating fuels are among sources of residential air pollution. Until the 1950s, coal and wood were the predominant fuels burned in U.S. homes (USBC 1997) . Perhaps due to steady replacement by natural gas and electricity, few studies have examined the carcinogenicity of fuel combustion in U.S. homes (Samet et al. 1987 (Samet et al. , 1988 USBC 1997) . While indoor wood smoke has been linked to several respiratory illnesses, respiratory health risks posed by U.S. domestic exposure to indoor coal smoke have not been studied previously (Cooper 1980; de Koning and Smith 1984; Dennis et al. 1996; Honicky et al. 1985; Liang et al. 1988; Marbury 1991; Mumford et al. 1989; Robin et al. 1996; Tuthill 1984; Yocom et al. 1971) .
The present ecological study was undertaken to examine, for the first time, relations between estimated U.S. domestic BC consumption and historical LCM rates. BC consumption vs. age-specific LCM rates in U.S. white females who died during 1950 to 1954 were examined, and LCM rates for women aged 40+ vs. 60+ y (comprising ~11% vs. ~5% ever-smokers, respectively) were compared to assess the plausibility of LCM-vs.-coal-use confounding by inter-county ever-smoking differences, after adjusting for socio-demographic, climatic, and geophysical covariates as explained below.
MATERIALS AND METHODS

Selection of U.S. Counties
An effort was made to analyze data on 1950 to 1954 LCM among white U.S. women and corresponding data on historical coal use and covariates for as many U.S. counties as possible. All counties in six states were not included in our analysis, for the following reasons. Age-/sex-/race-specific U.S. LCM data for the years 1950 to 1954 could not be obtained in preexisting electronic form, so these data were generated de novo from nationwide county death-certificate data (Marsh et al. 1996) . However, for both Alaska and Hawaii county-level LCM data were unavailable, and such data available for Virginia include unreliable mortality rates (Marsh et al. 1996) . A nationwide random-digit-dialing telephone survey indicated that among U.S. residents dying between 1950 and 1989, major retirement states (CA, AZ, FL) correspond to a relatively low average percent (<40%) of lifetime residence within 40 km of residence at the time of death; however, in all other states >70% (and for women dying in the 1950s, ~75%) of each lifetime was at a residence within 40 km of that at the time of death (Cohen 1992) . Fractions of lifetimes residing in counties of death are likely to be distributed similarly (perhaps >75% in the larger, nonurban counties). Therefore, a total of 2,821 counties were considered in this analysis, which excluded all counties in six states (AK, AZ, CA, FL, HI, VA). Because socioeconomic status, demographic, and geoclimatic covariates may have influenced indoor air pollution exposures (Lebowitz 1983) , adjustment was performed on socio-demographic and geoclimatic factors for which data could be obtained or 200353.pgs 4/13/01, 2:51 PM estimated at a U.S.-county-level pertinent to U.S. women who died during 1950 to 1954, as described below.
Lung Cancer Mortality Data
U.S. county-level mortality rates (deaths per person-year) were obtained for cancer of the lung (defined as bronchus, trachea, and/or lung; ICDA 162-163, 6 th Revision) during 1950 to 1954 in white females by 5-year age intervals (Marsh et al. 1996) . Due to the rarity of female lung cancer at that time, particularly in younger age groups, data on women under age 40 were excluded and age-specific data were combined into 10-year age intervals (40-49, 50-59, 60-69, 70-79, 80+) , corresponding to ~114 million total person-years (TPY) in the 2821 counties initially considered.
Analyses were carried out for all women (of age 40+ y) and also for women 60+ y old. The latter restriction addressed potential (inter-county) confounding due to cigarette smoking insofar as rates of ever-smoking in 1950 to 1954 among U.S. white females aged 60+ vs. 40+ y were ~5% vs. ~11%, respectively, and women aged 60+ y smoked fewer cigarettes and started smoking at a later age than women aged 40+ y (Garfinkel 1981; ). Based on these historical data, relative risk for elevated LCM in white women dying at age 40+ vs. 60+ y in 1950 to 1954 was estimated to be 1.74 vs. 1.16, respectively, compared with LCM risk in never-smoking white U.S. women who died during this period. The substantially different LCM rates experienced by 40+ compared with 60+-year-old women during this period were used to examine potential smoking-related confounding. Rates of smoking by U.S. women 45+ years old in 1955 were substantially greater among urban vs. rural-farm women, and among women in northeastern/western vs. northcentral/southern U.S. regions-associations also attributed to women in previous decades ). Therefore, after adjusting for urban/rural-farm or regional residence, ecological associations due solely to inter-county confounding by smoking should be substantially smaller in analyses involving older women (aged 60+) compared with those involving all women considered (aged 40+).
Demographic Data
Census data on the following 11 county-level socio-demographic variables were obtained (USBC 1953) for 1950 in addition to total population: Agriculture = persons employed in agriculture (%), Density = persons/km 2 , Female work = females in total labor force (%), High school = completion of high school or more (%), Income = median family income ($), Migration = county residents who arrived during 1950, Poor = residents with <$2000 in income (%), Rich = residents with ≥$5000 in income (%), Rural/Urban = rural-farm/urban populations (%), and Uneducated = completion of < grade 5 (%). All these variates (and others defined below, unless specified otherwise) were evaluated as corresponding inter-county quintile values, using 1950 county populations as weights. An additional variate considered was county location by Region among nine U.S. regions of which were defined (minus excluded "retirement" states) as follows, where N, E, S, W, and C in regional names refer to north, east, south, west, and central, respectively: NE ={ME, 
Coal Data
Burning rate, type of stove, and coal type have all been shown to affect the amount of indoor pollution generated (Mumford et al. 1987 (Mumford et al. , 1989 . County-level data on burning rate and stove-type were not available, and variation in coal-burning properties was addressed by a study focus on consumption of BC in particular. The number and percent of homes using coal for (central + non-central) heating in 1940 were obtained from U.S. census data (USBC 1943) . Because only bituminous (not anthracite) coal is associated with increased LCM risk (Mumford et al. 1989; Mumford et al. 1987) , and to limit potential confounding due to variations in housing characteristics associated with counties in which most vs. few homes used coal for heating, this study focused specifically on domestic BC consumption only in relatively-high-domestic-coal-use (HDCU) counties defined as being those in which ≥75% of homes used coal for heating in 1940, which included 640 counties (comprising 40.5% of TPY). Because similarly detailed data were not available for other years, domestic net tons of BC consumed per capita (NTBCP) for the year 1918, obtained from a detailed map of fuel use in housing units/residences, apartment buildings, and small local businesses (Lesher 1919) , was used to estimate lifetime residential exposure to coal smoke for women 40+ or 60+ years old during 1950 to 1954. Variation in regional BC-consumption trends was addressed by comparing 1918 county-level NTBCP data for nine U.S. regions (defined above) to corresponding 1940 regional data on average tons of BC consumed per dwelling unit (BCI 1948) , which was converted to estimated 1940 NTBCP via multiplication by [(regional 1950 population)/(regional 1940 population)]×(dwelling units per region in 1950) (USBC 1953) . Examination of regional 1940-to-1918 NTBCP ratios revealed that while domestic coal consumption grew by from 3-to 11-fold in five U.S. regions (MidE, NE, NW, SE, and WSC), it increased by <75% (and by a 1940-pop.-weighted mean of only ~45%) in all four remaining regions (ENC, ESC, W, WNC). Except as noted below, our analyses therefore considered only these four relatively-constant-domestic-coal-use (CDCU) regions. The CDCU regions comprised 1,678 counties (corresponding to 59.5% of TPY), whereas a total of 539 counties were both HDCU and CDCU counties (corresponding to 28.2% of TPY). For each combination of (40+ vs. 60+) age range and coal-use-trend category (all vs. CDCU counties, among all HDCU counties) considered, coal use was classified into corresponding 1950 to 1954 person-year-weighted-average values within each of the following ranges: 0 to 0.1, 0.1 to 1.0, 1.0 to 2.0, and 2.0 to 5.0 NTBCP.
Geophysical and Nutrient Data
Respiratory exposure to radon is associated with increased lung cancer risk in animals and underground miners, and so was included as an adjustment variable (Bogen 1998; NRC 1988 NRC , 1998 . Clinical trials and prospective studies have indicated that dietary selenium intake may be protective against cancer development at specific sites, including the lung van den Brandt et al. 1993 ).
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Climatic factors that might influence indoor coal smoke concentration were also included for adjustment. Accordingly, the following eight geophysical variates were considered at the U.S. county level: Radon = estimated annual geometric-mean household radon concentration; Selenium = a three-level index of dietary selenium exposure based on estimated Se content in local foliage; and five climatic measures for the period 1953-75, including PrecipitationHr = annual mean daily hours of precipitation, TempJan/TempJuly = mean January/July temperatures, Wind speed (annual mean), and heating infiltration-degree-days (Heating IDD) (Apte et al. 1997; Clark et al. 1991; Price et al. 1998) . Radon estimates for U.S. counties were derived from county-specific U.S. Environmental Protection Agency householdsurvey data, adjusted for additional geophysical and climatic factors using Monte Carlo and regression techniques (Price et al. 1998) . Heating IDD was used as a way to adjust for expected correlations between home energy use and reduced home ventilation associated with greater indoor air-pollutant concentration (Apte et al. 1997) .
Statistical Analysis
Adjusted relative risk (RR) estimates and confidence intervals were calculated using maximum-likelihood estimation, and corresponding adjusted chi-square tests for trend were performed (Breslow and Day 1987). Normalized LCM slope (B adj , in units of inverse per capita net tons of BC used) was calculated as B adj = b adj /a, where b adj (the adjusted LCM slope) and a (the unadjusted LCM intercept) were estimated by standard methods (Fleiss 1981) . Standard error (SE) values for B adj and corresponding and coefficient of variation (CV= 100% × SE/B adj ) values were obtained assuming approximate lognormality of b adj and a.
Adjustment for the 20 socio-demographic and geophysical variables described was done, in combination with age, separately for each age range (40+ vs. 60+) and coal-use-trend category (all vs. CDCU counties, among all HDCU counties) considered, creating four sets of 20 2-variate analyses, each adjusting for age and one other variate. Likewise, four sets of 190 3-variate analyses were performed, each adjusting for age and all possible combinations of two other variates among the 20 considered; for each set of 190 p-values, Fisher's chi-square test was used to determine the overall significance of p-values for adjusted trend obtained (Fisher 1973 ). All calculations were performed using Mathematica 4.0  and related RiskQ 4.0 software (Bogen 2000; Wolfram 1999) .
RESULTS
Normalized LCM slope (B adj ) and trend-test p-values for analyses involving adjustment for age and one other variate applied to all 640 HDCU counties are summarized in Table 2 for all (40+ y) and for older (60+ y) women. Corresponding results applied to all 539 HDCU-and-CDCU counties are listed in Table 3 . All 80 adjustment combinations listed in Tables 2 to 3 resulted in p-values ≤0.01 for positive RR-trend. Estimated slopes for women aged 40+ y vs. 60+ y were distributed similarly within each coal-use-trend category, but slopes estimated for HDCU-and-CDCU counties were generally greater (and associated p-values for trend smaller) than those estimated for all HDCU counties (Tables 2 to 3). 200353.pgs 4/13/01, 2:51 PM 375 Results of 190 separate 3-variate analyses (adjusting for age + 2 other variates) done for all vs. older women in HDCU-and-CDCU counties are summarized in Figures 1a and 1b , respectively. Each figure shows a corresponding cumulative distribution of normalized slope B adj , where each of the 190 slope estimates is plotted together (i.e., at common Y-axis values) with its corresponding lower and upper (±1 SE) bounds and a (negative log inverse) p-value for adjusted trend. The p-value distribution in Figure 1a indicates that for all women (40+ y old), significant trends (p < 0.025) were observed for all 190 possible adjustment combinations (with p < 0.01 true for all but two combinations). Among the most significant of trends indicated in Figure 1a is that corresponding to adjustment by the variates Density and Poor in addition to age, which yielded RR adj and 95% confidence interval (CI) values shown in Figure 2 . For the relatively low, middle, and high BC-consumption groups shown in this figure, RR adj (and lower and upper 95% CI) estimates obtained were 1.12 (0.89 to 1.41), 1.35 (1.06 to 1.71) and 1.72 (1.22 to 2.43), respectively (χ 2 trend = 40.1, df = 1, p < 10 -9 ). RR adj estimates corresponding to all 190 high-BCconsumption groups contributing to Figure 1a were found to range from 1.06 to 1.91 and to have a median value of 1.41. Among the 190 corresponding 95% lower confidence bounds on RR adj , a total of 119 (62.6%) were found to exceed 1.
Results of 3-variate analyses done for older (60+ y old) women (Figure 1b ) are similar to those for all women shown in Figure 1a , but with marginally less significant trend-tests due likely to the smaller number of person-years involved (3 of 190 combinations yielded p > 0.05, while 181 yielded p < 0.01). Fisher c 2 values for the overall significance of both sets of 190 p-values obtained for 3-variate analyses applied to HDCU-and-CDCU counties were highly significant (χ 2 = 5971.8 and p ≈ 0 for 40+, χ 2 = 3612.9 and p ≈ 0 for 60+). Results of corresponding 3-variate analyses done for all HDCU counties produced similar results (results not shown), involving somewhat smaller normalized LCM slope (B adj ) estimates and slightly less significant trend tests as noted above for 2-variate analyses conducted.
DISCUSSION
This study found BC consumption to have significantly positive ecological associations with 1950 to 1954 LCM in white women of age 40+ or 60+ y in 640 U.S. HDCU counties (in which ≥75% of homes used BC for heating in 1940), as well as in the CDCU subset comprising 539 of these counties (in which estimated BC use per capita increased by <75% between 1918 and 1940), after statistical adjustment for age and nearly all subsets of 20 socio-demographic and geophysical variates considered (Table 2, Figure 1 ). These adjustment factors addressed migration, environmental factors hypothesized to be associated with increased LCM risk (Se, Rn), factors expected to correlate with BC use for home heating, as well as two variates (U.S. region and urban-vs.-rural-farm) known to correlate with female smoking during prior to 1955. Notably, the consistent pattern of significant positive LCM-BC associations observed for women aged 40+ was also observed for just older women (60+ y, whose 1955 smoking prevalence was about half that of women 40+ y old), despite adjustments by U.S. region and by urban-or rural-farm-county status, consistent with the hypothesis that confounding by smoking is unlikely to explain the observed LCM-BC associations. The magnitude of these apparent associations suggests that lifetime exposure to residential BC-combustion smoke may have increased LCM risk in relatively highly exposed U.S. women by about 25% to 50%.
Interpretation of results from this study must consider the inherent limitations of its ecological design (Greenland 1992; Greenland and Morgenstern 1989; Greenland and Robins 1994; Piantadosi 1994; Piantadosi et al. 1988 ). Thus, while our results are consistent with BC-related effects on LCM risk indicated by studies of BC-exposed women in Northern China (Table 1) , and are similar in magnitude to hypothesized LCM-risk elevations in nonsmoking women passively exposed to tobacco smoke by smoking spouses (CalEPA 1997; Jèockel et al. 1998; NRC 1996) , ecological LCM-BC associations found for U.S. women dying in 1950 to 1954 may be due to spurious correlations that cannot be addressed using county-level aggregate data.
Several strategies were implemented to address potentially confounding variates that could be addressed within the limitations of the data base and ecological study design used for this study. Joint data on LCM, on BC use, and on the most important Adjusted relative risk (RR adj ) estimates and corresponding 95% confidence intervals p-values for analysis of the association of 1918 mean use of bituminous coal (BC) with 1950-54 lung cancer mortality in U.S. white women in 539 HDCU-and-CDCU counties (i.e., counties that had ≥75% of homes using coal for heating in 1940 and that increased per capita domestic coal consumption by <75% from 1918 to 1940), adjusted for age, 1950 county population density, and 1950 county poverty (χ 2 trend = 40.1, df = 1, p < 10 -9 ; (χ 2 linearity = 0.10, df = 2, p = 0.95). Person-year-weighted mean BC use is plotted for each of the four BC-use ranges considered. Most RR-adjustments involving other combinations of factors among the 20 considered in addition to age yielded lower estimates of elevated RR (see Figure 1a ), but adjustment for every possible combination of these factors yielded a significant p-value for positive adjusted trend (p < 0.025 in two cases, p < 0.01 in the 188 remaining cases).
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4/13/01, 2:51 PM LCM-risk (i.e., cigarette smoking) could not be obtained for individual women who died during 1950 to 1954, after having lived through a period in which BC was a primary source of domestic fuel for large segments of the U.S. population. Therefore, our ecologically defined unit of analysis was county of residence at the time of death for white U.S. females whose death certificates attributed death during 1950 to 1954 to lung cancer. To address potential effects of smoking on the study relationship of interest using the ecological study design, we performed parallel analyses on two subsets of data. One subset was restricted to women aged 60+ years at time of death (~5% of whom ever smoked), and the other included all women aged 40+ years at the time of death (~11% of whom ever smoked). As noted above, apparent BC-related effects on LCM observed for both groups were quite consistent (e.g., compare Figure 1a vs. 1b), supporting a BC-specific effect on LCM independent of the rather substantial (~2-fold) difference in ever-smoking rates. A second method of addressing study design limitations involved subsets of high-domestic-BCuse (HDCU) counties that either were (n = 539), or were not (n = 640), also restricted to reflect "consistent per capita domestic BC use over the period 1918 to 1940" (CDCU) (see METHODS). LCM slope (B adj ) estimates obtained relating LCM to BC use in HDCU/CDCU counties were roughly two-fold greater than those obtained for all HDCU counties regardless of CDCU status (compare Table 2 vs. 3), which again is consistent with a BC-specific effect on LCM. Finally, various geoclimatic variables expected to affect residential indoor air pollution levels were addressed in the statistical analysis. The relationship between BC use and LCM observed was apparently robust to statistical adjustments for these variables at the county level. Although only 0.4% of all U.S. housing units used coal for cooking or heating in 1995, residential coal use over the period 1995 to 2015 is expected to increase 0.8% per year, i.e., by a total 16% (USBC 1997; DOE 1998) . Several states experienced increased rates of domestic-coal use ranging from ~3% in North Carolina to 66% in Kansas over the period 1987 period to 1996 period (USBC 1997 DOE 1997) . Changing fuel-use patterns have been attributed to increased costs of oil and natural gas (Cooper 1980; Lambert 1997; Lebowitz 1983; Lipfert and Dungan 1983; Samet et al. 1987 Samet et al. , 1988 Spengler and Sexton 1983) . If lung cancer risk were associated with residential BC combustion in U.S. homes, as suggested by results obtained in this study, risk reduction could be achieved by increased (or universal) application of inexpensive measures to reduce or eliminate any associated indoor smoke.
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